The vertical profiles of streamwise velocities are computed on flood plains vegetated with trees. The calculations were made based on a newly developed onedimensional model, taking into account the relevant forces acting on the volumetric element surrounding the considered vegetation elements. A modified mixing length concept was used in the model. An important by-product of the model is the method for evaluating the friction velocities, and consequently bed shear stresses, in a vegetated channel. The model results were compared with the relevant experimental results obtained in a laboratory flume in which flood plains were covered by simulated vegetation.
INTRODUCTION
The primary question for hydraulic considerations is that of quantifying velocity profiles in open channels under various conditions. Vertical velocity profiles, which constitute the basis for this discussion, were extensively studied in open channels with both smooth and rough bed and the theory leading towards logarithmic and power profiles suits the observations relatively well in most cases. However, under natural conditions, solutions to these questions often require information about the influence of vegetation on the forces acting upon the water element and, consequently, on the
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performance of velocity distribution. This is particularly important when water overflows the banks and onto flood plains. Such situations occur not only during extreme events but regularly (for example in winter or spring) when many rivers flood adjacent areas. Under natural conditions, flood plains are usually vegetated by grass, hedges or trees.
Unfortunately, despite the importance of the problem, little information exists. Existing studies are driven by the needs in the construction and restoration of wetlands (Kadlec, 1990) and flood plains (Mertens, 1989) . Measures to restore streams to their natural appearance, e.g. planting of trees and shrubs along the flood plains, can significantly alter their hydraulic properties and the quantification of these effects is a very important task.
Most research has been devoted to the overall hydraulic characteristics of vegetated channels (Pasche, 1984; Rickert, 1986; Klaassen & van der Zwaard, 1974; Wu et al., 1999; Armanini & Rigetti, 1998; Rouvé, 1987) . Notable works within the realm of velocity field in vegetated channels are those of Tsujimoto & Kitamura (1992a ,b, 1997 and Kutija & Hong (1996) . Yet, most of these works fail to present vertical profiles of mean velocity and its comparison with measurements in the case of stiff vegetation; this is the main aim of the present study. At the same time experimental investigations clearly show that vertical profiles of mean velocities in vegetated channels are nearly uniform, especially further from the channel bed (Rowihskie?a/., 1998).
Knowledge of the vertical distributions of mean velocity may be very helpful in the estimates of shear velocities and, consequently, bed shear stresses. These parameters are key factors in estimating the bed load transport and the related scour, deposition, entrainment and bed changes in rivers; shear velocities are also traditionally used for normalization of basic parameters of turbulence.
Recognition of the hydraulic processes of flows in vegetated channels is still at a preliminary stage. Vegetation influences the resistance of the watercourse considerably, creates additional drag exerted by plants, causes a violent transverse mixing due to great differences in velocities in vegetated and non-vegetated regions, and also affects the turbulence intensity and diffusion (Nepf, 1999; Nikora, 2000; Rowinski et a!., 1998) . All these processes have been studied extensively, but many questions remain unanswered and constitute the basis for an important debate. The present study considers the stiff vegetation emerging through the water surface, where the drag exerted by plants very likely dominates over the roughness of the bed and the trees.
A useful approach for studying flow problems in vegetated areas is to attempt to construct a relatively simple mathematical model for the description of the vertical velocity profile, which could replace a traditional logarithmic distribution for the case of smooth or rough open channel flow. In the present study, an idealized case is considered. The velocity profiles discussed are on flood plains vegetated with trees. The trees are assumed to be uniformly distributed in a square pattern at equal spacing in both longitudinal and transverse directions-typical in many restored streams (Klaassen & van der Zwaard, 1974; Rouvé, 1987) . It is expected that the equidistant arrangement of the trees should not affect the results essentially; rather that their density is crucial. However, it is important that all measurements are taken behind rows of parallel rods, where wakes created by individual trees cannot be distinguished. Otherwise wakes formed behind each rod interfere with each other, and mean velocities build a strongly oscillating fonction in a transverse direction. Weak oscillations can be observed any way, but they do not influence the discussed results substantially. Highly complicated flow patterns induced by a three-dimensional flow structure are not considered; the computational results are compared with experiments performed far from the sloping bank of the main channel and also from the banks of flood plains.
The main goals of this study are to develop a simple, useful mathematical model for the prediction of vertical distributions of mean velocity in vegetated channels and to compare the results with actual measurements. A common methodology for describing the flow through vegetated areas consists of the analysis of forces acting upon a volumetric element of water containing a given number of tree elements (Petryk & Bosmajian, 1975) , and such an approach is used here.
MATHEMATICAL MODEL
The model is based on the analysis of forces acting on the volumetric element surrounding a given number of elements of vegetation. The model addresses high, stiff vegetation where only treetops protrude through the water surface. The stiffness of the material deters deflection and bending which could also be represented in the model (Kutija & Hong, 1996; Tsujimoto et al., 1996) . Mathematical description of vertical profiles of longitudinal mean velocity demands a basic assumption about the steadiness and uniformity of flow. In flood plains, substantial error can be made due to the transverse momentum exchange between the deep and shallow parts of the nearby river bed. The geometry of the situation is represented in Fig. 1 . The model reflects flow resistance exerted on vegetation. The mean velocity increases with flow under non-submerged conditions, and the corresponding roughness coefficient decreases with increasing velocity (Wu et al., 1999) . If one considers the volumetric element of fluid of size Ax in a longitudinal direction, Ay in a vertical direction and Az in a transverse direction (as denoted in Fig. 1 ), each element includes a Ay part of the tree. The tree diameter is D. The model accounts for flow resistance through emergent, non-flexible vegetation by means of a friction coefficient. It is assumed that the drag force of vegetation per given volume of water may be described as:
where Co is a drag coefficient for flow around a cylinder, v is the longitudinal water velocity, p is the water density, n is the number of trees in the channel area of size Ax x Az. It is worth noting that the longitudinal velocity, v, may be generalized at this point without an influence on further considerations. For example, the concept of double-time and area averaging of the velocity (with the area parallel to the mean bed), as proposed by Finnigan (2000) , for flows above plant canopies is admissible. The averaging volume excludes solid plant parts and consists of a horizontal slab, extensive enough in the horizontal to eliminate plant-to-plant variations in canopy structure, but thin enough to preserve the characteristic variations of properties in the vertical. The main problem with this approach is that, unfortunately, nobody measures the volumeaveraged variables that appear in the canopy equations and, therefore, this interesting concept remains for future study.
The values of the drag coefficient, Co, for the trees were computed based on the regression dependencies elaborated for the Wieselsberger nomogram (Schlichting, 1982) : 
where g is the gravity acceleration, i is the bed slope and x denotes the shear stress. The balance of the above forces (F D + F fr + F" = 0) gives:
2 Dividing all of equation (5) by the areas of element AxAz, one obtains:
where the new parameter m represents the number of cylinders (trees) per area Ax x Az (m = n/AxAz). Equation (6) constitutes the basis for further considerations. A full description of the model needs the approximation of the shear stress term and also a set of boundary conditions. Within the vegetation, a zero-equation Taylor hypothesis is usually assumed for the description of turbulent shear stresses (Kutija & Hong, 1996; Klopstra et al., 1997) . The main reason for this assumption is that analytical solutions of relevant equations can be found (Klopstra et al, 1997) , but the assumption does not have strong physical justification. Another extreme is the application of complex closure hypothesis for turbulent shear stresses such as the Reynolds shear stress model recently applied to open channels with submerged vegetation (Choi & Kang, 2001 ). In the present study, a simpler (and more easily implemented) approach based on the mixing length theory is proposed. However, the flow is separated into two regions: where the mixing length is constant and where it is proportional to the distance from the bed with von Karman constant, K, as a proportionality factor.
There are several possible ways to describe the shear stress term (see, for example, Nezu & Nakagawa, 1993) , but most of them are relatively complex. Here, a simple hypothesis connecting the eddy viscosity to the flow conditions through a mixing length concept is used:
where /", is the so-called mixing length or Prandtl constant. Next, the value of /," needs to be specified. Among the numerous expressions to evaluate mixing length, the most popular was proposed by Nikuradse (Nezu & Nakagawa, 1993 ) and further applied in open channels. Nikuradse's expression can be conveniently simplified to a linear form giving: /," = Ky, where K is the Kantian constant (approximately 0.41). This form has been widely used in open channels, and under uniform turbulent flow it led to a wellknown expression for mean velocity logarithmic vertical profile. However, obstacles (such as vegetation) occurring in the flow generate turbulent eddies and may limit the use of the open channel methods. Further from the channel bed, generation of such eddies by vegetation can predominate. Thus linear dependence for the mixing length is valid only at some distance from the bed and is constant beyond that threshold value. This distance supposedly depends on the density of tree elements. Thus, one obtains:
where L", is an assumed distance from the bed for which l,"(y) is a linear function of y. It is an artificial parameter, but it is hoped that extensive experimental data will allow for its parameterization in the future with the use of physical quantities such as tree diameter or distance between stems. Usually the theoretical wall level is set at a position below the top of the roughness elements; in the present computations the starting point is at k s (roughness size) distance from the physical bed. One obtains a continuous form of equation (8) Combining equations (6), (7) and (9) 
The set of equations (10) can be treated as the momentum equation for flows with the emerging vegetation present in the considered channel. One should remember that the model has to be complemented with relevant boundary conditions. It is natural to set the condition that the bed shear stress is expressed by:
where V is the bulk mean velocity and À, is the resistance coefficient. The bed shear stress is related to shear velocity by the relationship v, = yv/p and it may be assumed that the shear velocity represents the point velocity at the level of the roughness height k s . The resistance coefficient can be evaluated from the Colebrook-White formula given in the following form:
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where Re is the Reynolds number defined as Re =Vdl\, d is the hydraulic length calculated as d = 4R, v is the kinematic viscosity coefficient, and R is the hydraulic radius. Note that both the bed shear stress and the resistance coefficient depend on the bulk mean velocity, which can in turn be obtained from equations (10). Hence, an iterative procedure is needed for the relevant computations. This iterative procedure may also be helpful as a novel method for evaluating shear stresses or shear velocities at the bed, which is an important advantage of the constructed model. No universal method for evaluating those quantities in vegetated channels has been given so far, although it is crucial for the understanding of various aspects of hydraulic transport in rivers. The details of the mentioned iterative procedure are given below.
One more boundary condition is set at the surface level where it is assumed that dv dy = 0.
SOLUTION
The differential equations (10) have been solved by means of a finite difference method. The scheme is set up with an equidistant mesh. The relevant derivatives in the solved equation are substituted in the simplest way by their finite-difference representations:
[dyj, Sj ' {dy 2 J j ô> 2 where ôy is the assumed step size, v, is the water velocity at the fth grid point, and N is the number of grid points. The algebraic set of equations obtained was solved with the use of a standard Newton method. As a first approximation of the mean velocity in the channel, the Darcy-Weisbach formula is assumed:
Based on the computed mean velocity, the shear velocity can be calculated from the expression:
V8 This shear velocity is assumed as the one at the bed level. Then the vertical profile is calculated from the finite difference representation of equation (10). The mean velocity is calculated from this profile and therefore the shear velocity can be recalculated. This iterative procedure is repeated until the velocities from two consecutive computations differ from each other at each level by more than the assumed tolerance level, e, i.e. the following stopping criterion is assumed:
In the calculations given herein e = 0.0001 (m s" 1 ). In all the performed calculations the iterative process was convergent. Note that the parameters assumed for calculations reflect the model (not natural) situation described in the next section. In the cases with smooth bed, the values of the Reynolds number Re /; computed for trees (m = 92 trees per m 2 ) slightly exceeded 800 and, hence, the value of Co was taken as 1.0. In the case of a rough bed, the values of the Reynolds number computed for the trees (m = 92 trees per m 2 ) were equal to 620, which resulted in the value of C D equal to 1.05. The increase of the value of C D caused by the waving of water surface due to the flow around a tree was not included in the calculations. As a result of all the calculations one obtains the vertical profile of longitudinal velocities and the value of the shear velocity.
COMPUTATIONAL RESULTS VS EXPERIMENTAL OBSERVATIONS
The model has been used for computing the vertical distributions of mean velocities in a vegetated channel with two different characteristics of roughness, and the results were compared with the measured values in a laboratory experiment. The experiments considered here were carried out in the Hydraulic Laboratory of the Department of Hydraulic Structures, Faculty of Environmental Science at the Warsaw Agricultural University. A straight open channel with symmetrically complex trapezoidal crosssection, 16 m long and 2.10 m wide, was used for the laboratory tests. High vegetation (trees) growing on the flood plains was modelled by aluminium pipes of 0.8 cm diameter, uniformly distributed in a square pattern (m = 92 trees m""). This geometric set-up reflects the selected recommendation for distances among the trees in riparian areas and on flood plains. According to Bertram (1985) , these distances should be in the range of 2-6 m to ensure the protective function of the trees. The flow conditions were modelled in the laboratory flume, prepared at the geometrical scale of 1:25. This scale resulted in using model trees of diameter less than 1 cm, with distances of 8-24 cm between them. The resistance due to the surface roughness of the cylinders is minimal (Sigloch, 1991) and therefore smooth pipes can be used to model trees. The "tree tops" were above water level during the experiments and the pipes were not subject to any elastic strains caused by overflowing water. Instantaneous longitudinal velocities were measured with the use of a programmable electromagnetic liquid velocity meter (Delft Hydraulics). The velocity meter uses Faraday's Induction Law for a conductive liquid moving through a magnetic field induced by a pulsed current through a small coil inside the body of a special bi-directional, electromagnetic, ellipsoidal sensor 11x33 mm in size. The accuracy of the mean velocity measurements was in the range of 1 cm s"
1
. A detailed description of the methodology and selected results may be found in Rowihski et al. (1998) . The design of the experimental investigations causes some limitations in the process of model verification. Specifically, not enough measurements are available in the areas of large velocity gradients, i.e. close to the channel bed. Two tests were selected to compare experimental data with the computational results. In the first case the flood plains were smooth with the roughness height k s = 0.0005 m. The bed slope of the channel was 0.6%o, and the water surface was kept almost parallel to the bed during the experiments. In the second test, the flood plains were rather rough, with the roughness height k s = 0.006 m (the channels were covered by cement mortar composed of terrazzo), and the bed slope of the channel was 0.4%o (Fig. 2) .
The results obtained at a vertical located in the centre of the flood plain are used for comparison. By doing this, an influence of the momentum transfer between the flood plains and the main channel and also the influence of the side slopes were minimized, and one-dimensional conditions could be assumed. However, it is worth noting that, in the light of experimental results, the velocity profiles at the nearby verticals assume a very similar form, i.e. the spatial heterogeneity is represented sufficiently well by this profile (Rowihski et ai, 1998) . Since equations (10) do not explicitly depend on the water depth, experiments for various water levels, H, are used for comparison. Computations were performed for H= 0.139 m. In numerical calculations the channel depth was divided into 100 equal intervals. A reasonable agreement is observed between the measured and computed vertical profiles of streamwise velocities for both smooth (Fig. 3) and rough flood plains (Fig. 4) . These figures reveal that, starting some distance from the bed, the velocity profile becomes uniform towards the surface and a high gradient is observed in the direction of the channel bed. This characteristic distance is further from the bed in the case of the rough bed where the range of influence of the bed is much larger. At a relatively large distance from the bed the dominant factors creating turbulence are the vegetation elements (simulated trees). Qualitatively similar velocity profiles are also reported in the literature (e.g. Nepf & Vivoni, 2000) . Note that the velocities calculated by means of the given iterative procedure at the level y = k s represent the shear velocities, v*. velocity distribution becomes uniform moves down (while m grows) towards the channel bed. At the limiting value of m = 0 (no trees), the model represents the traditional logarithmic profile of mean velocity depending mostly on the roughness size. The distance from the bottom, where the velocity profile becomes uniform, increases with the distance L," (see equation (9)). The variation of shear stress with the channel depth for rough flood plains is shown in Fig. 5 . The computations were taken for two different values of parameter L,". The increase of the shear stress is much quicker for the rough bed surface. An artificial vertex point appears on two plots due to the artificial division between two models describing the variability of the mixing length L,". 
CONCLUSIONS
The present study is a preliminary response to the needs of practitioners requesting relevant but simple methods to evaluate the vertical distributions of the streamwise velocities in channels where high vegetation occurs. The given model is based on the mixing length hypothesis, but with a modification in which the mixing length is a linear function of the distance from the bed up to a given level and remains nearly constant due to the eddy generation by vegetation elements only. The model has been successfully tested against the data obtained experimentally in a compound channel with simulated high vegetation on smooth and rough flood plains. An important feature of the proposed approach is the indirect method allowing evaluation of shear velocity and bed shear stresses in vegetated channels. While the model presented here is sufficient to predict vertical distributions of streamwise velocities on vegetated flood plains at a sufficiently large distance from the sloping banks and the main channel, a considerable number of additional complexities must be included before the model can be applied to the entire flood plain. First, the transverse momentum transport should be considered and therefore at least a twodimensional approach must be applied. Verification of such a complex model would require a better experimental recognition of at least two-dimensional structure of turbulence in a compound channel with vegetated flood plains. A better understanding of a turbulence structure in a compound channel would also be very useful to verify the current method for determining shear velocities. Knowing the time series of fluctuating velocity in detail, one could estimate Reynolds shear stresses at the bed and then compare with the indirectly calculated shear velocities. Better understanding of these elements represents a necessary next step in vegetated channels research. work and to Robert H. Hilderbrand (University of Maryland, USA) for proofreading the paper.
